We present simultaneous photometric and spectroscopic observations of seven young and highly variable M dwarfs in star forming regions in Orion, conducted in 4 observing nights with FORS2 at ESO/VLT. All seven targets show significant photometric variability in the I-band, with amplitudes between 0.1-0.8 mag, The spectra, however, remain remarkably constant, with spectral type changes less than 0.5 subtypes. Thus, the brightness changes are not caused by veiling that 'fills in' absorption features. Three objects in the σ Ori cluster (age ∼3 Myr) exhibit strong Hα emission and Hα variability, in addition to the continuum variations. Their behaviour is mostly consistent with the presence of spots with temperature of ∼ 300 K above the photosphere and filling factors between 0.2-0.4, in contrast to typical hot spots observed in more massive stars. The remaining targets near ǫ Ori, likely to be older, show eclipse-like lightcurves, no significant Hα activity and are better represented by variable extinction due to circumstellar material. Interestingly, two of them show no evidence of infrared excess emission. Our study shows that high-amplitude variability in young very low mass stars can be caused by different phenomena than in more massive T Tauri stars and can persist when the disk has disappeared and accretion has ceased.
INTRODUCTION
Variability is a key characteristic of young stars. Apart from its relevance in the history of the discovery of the first prototypical young stellar objects (Joy 1945) , variability is important for three different reasons:
First, variability is a nuisance parameter that needs to be constrained before analysing the emission from young stars and their environment, e.g., when estimating masses from spectral types/luminosities (Scholz et al. 2009 ) or when fitting spectral energy distributions derived from multi-wavelength, single-epoch data . Second, observations of variability inform our understanding of the dynamics of the environment of young stellar objects (YSOs). In particular, it can provide insights into episodic accretion (Audard et al. 2014) , instabilities in the magnetospheric accretion (Bouvier et al. 2007 ) as well as changes in the disk structure (Rodriguez et al. 2015) . Third, variability provides spatial information about the inner disk and accretion zone that is impossible to obtain with any other means. For a typical lowmass star, features at the inner disk rim (∼ 0.1 AU) in Keplerian rotation can cause brightness changes with a period of ∼days, which can be easily detected in optical/infrared lightcurves (Stauffer et al. 2014; McGinnis et al. 2015) . This scale corresponds to milliarcsecs for the nearest young stars and can barely be resolved by infrared interferometry (Dullemond & Monnier 2010) .
Here we focus mostly on this third aspect. A number of fundamental topics in current research on YSOs rely on our understanding of the inner 1 AU of the disks -the physics of accretion, the interaction between stellar magnetic fields and the disks, the launching of the wind, the control of angular momentum, and, last but not least, the interaction between newly formed planets and the accretion disk. For very low mass stars (M dwarfs, M < 0.3 M ⊙ ), the most common type of star in the Galaxy, monitoring studies are a unique tool for obtaining a close-up view of the central circumstellar zone during the era of planet formation.
In the canonical view, optical/near-IR variability in YSOs on timescales of days is mostly caused by a) cool spots on the stellar surface induced by stellar magnetic fields, b) hot spots close to the surface formed by the accretion shockfront, and c) variable extinction or obscuration along the line of sight due to inhomogeneities in the inner disk (e.g., Bouvier et al. 1995; Herbst et al. 1994; Fernandez & Eiroa 1996; Carpenter et al. 2001; Scholz et al. 2009 . All three causes make the star redder as it gets fainter (or conversely bluer as it gets brighter) and should have minimum effect in the red part of the spectrum. Therefore, the wavelength domain around 1 µm is often used to determine stellar luminosities and spectral types (e.g., Kenyon & Hartmann 1995; Luhman 1999) .
That this is an oversimplification is rather obvious, as there is solid evidence for significant and variable excess emission at these wavelengths, with unclear origin (Folha & Emerson 1999; Dawson et al. 2014; Fischer et al. 2011) . Ingleby et al. 2013 use shock accretion models to reproduce UV and optical spectra along with 1 µm veiling for a set of 21 low-mass T Tau stars. They suggest an explanation where multiple accretion column components with different energy densities and filling factor values can account for excess emission in both the blue and red (IR) parts of the spectrum. Even so, there are still some objects in their sample that the models fail to reproduce.
In this paper, we analyse simultaneous broad-band photometry and low-resolution spectroscopy of seven mid-M type objects in star forming regions in Orion, with the goal of constraining the spatial structure of the accretion zone. All our targets are known to exhibit strong long-term variability in the I-band (∼ 0.8 µm) from previous studies Eislöffel 2004, 2005, hereafter SE04 and SE05) . Their lightcurves are comparable to the prototypical T Tauri-type variations seen in YSOs. In line with the previously published work by our group, this paper extends similar studies for solar-mass T Tauri stars to very low mass stars with masses close to the substellar boundary.
TARGETS
This study targets seven highly variable objects in open clusters in Orion. Based on their spectral type and/or magnitudes all seven are objects near the bottom of the stellar mass function; for convenience we will refer to them as very low mass (VLM) objects/stars in the following, loosely defined as having masses of < 0.4M ⊙ . Three of them are in the area of the well-known σ Ori cluster (Sherry et al. 2008) , the remaining four near ǫ Ori. All seven have been identified from optical/near-infrared colour-magnitude diagrams as being redder than typical field stars and thus potentially young pre-main sequence objects. Targets near σ Ori are likely members of this cluster, which would put their age at 2-4 Myr (Zapatero Osorio et al. 2002) . Objects near ǫ Ori are likely to be slightly older with ages between 2 and 10 Myr (Wolk 1996) . Table  1 summarises target names, coordinates and alternative ID-s and J-band photometry from 2MASS.
The targets near σ Ori were first identified in SE04 as young very low mass (VLM) objects, using colour-magnitude diagrams and follow-up low-resolution spectroscopy. Their variability was studied in two I-band monitoring campaigns in January and December 2001. In these campaigns three objects stand out in both runs because of their high variability with amplitudes between 0.3 and 1.1 mag. Their lightcurves show evidence for periodicity on timescales of days, but significant irregular residuals remain after subtracting a sine curve. In addition, these three stars exhibit very strong Hα emission as well as the lines from the Ca triplet, indicating ongoing accretion and thus youth.
Two of these objects, V2737 Ori and V2721 Ori, are later revisited in Scholz et al. (2009) . Near-infrared time series are taken in the J and K bands over eight nights in 2006. High level variability for these targets is observed again thereby confirming that their variability persists over timescales of years. Object V2737 Ori also showed high variability in an additional optical lightcurve taken in 2005. Colour plots provide insights into the most likely reasons for the variability. The causes are said to be inner disk edge inhomogeneity for one of the stars (V2721 Ori) and hot spots for the other (V2737 Ori). SEDs show excess flux in the infrared wavelength range (see Fig. 8 in their paper) which is an indication of the presence of disks, again confirming their young age. The targets near ǫ Ori have been first studied in SE05. About 30 objects with periodic variability were identified in that paper, but four stand out because they exhibit high-amplitude, partly irregular variability. Similar to the three objects near σ Ori, they display a periodic component with superimposed variability on the scale of hours. So far, no spectra have been published for the ǫ Ori targets.
To further investigate the possible presence of disks, we obtained the mid-infrared photometry from the WISE satellite (Wright et al. 2010 ) for our targets. All 7 are detected in W1 (3.4 µm) and W2 (4.5 µm), but only 5 in W3 (12 µm) and 1 in W4 (22 µm). The J vs. W1 − W2 colour magnitude diagram is shown in Figure. 1. We compare the mid-infrared colours with published data for brown dwarf candidates in Upper Scorpius (Dawson et al. 2013 ). All objects near σ Ori (red squares) show a clear colour excess, consistent with the colours of class II objects (black diamonds) in Dawson et al. (2013) . Two of the stars near ǫ Ori (V1999 and V1959) also display marginal colour excess, making them plausible disk candidates. In contrast, V2227 and V2559 lie within the class III population (black circles) from Dawson et al. (2013) and have colours consistent with a photosphere. In addition, we have constructed spectral energy distributions (SEDs) for each target based on 2MASS (Skrutskie et al. 2006) , Spitzer IRAC and MIPS (24 µm) (Werner et al. 2004) and WISE flux densities (where available). Data were obtained from the Spitzer SEIP source list catalogue on the NASA/IPAC Infrared Science Archive 1 . The SEDs (Appendix A) agree with the predictions based on the WISE colour information. Three (σ Ori) have strong excess emission at all midinfrared wavelengths, two more (V1999, V1959) have weak excess, the remaining two do not have measurable excess out to 10 µm. Their upper limits at 22 µm still allow for excess emission at longer wavelengths. (Dawson et al. 2013) . Black circles correspond to class III objects from the same work. The vertical line at 0.5 is a visual guide for separating class II from class III objects. For each object we obtained a series of spectra, accompanied with an acquisition image taken immediately prior to the spectrum. This gives us quasi-simultaneous (within 5-10 min) photometry and spectroscopy. The images were taken in the I-band filter with an effective wavelength of 768 nm. The spectra were obtained in the LSS (long slit spectrum) mode with the 300I grism, which has central wavelength of 860 nm and wavelength range of 600-1100 nm. This setup yields a typical resolution of R = 660. Throughout the run we used a slit width of 1 arcsec. During each night, we cycled through our seven targets 4-5 times. As part of each cycle, we also observed the A-star HD292956 for flux calibration. Two of our targets (V1999 and V1959) are covered in the same field. A typical length for one cycle is ∼1h 40min. This results in 4 epochs per object per night, each with photometry and spectroscopy. Each spectroscopy epoch consists of three spectra taken immediately after each other, which are co-added during data reduction. A few more additional photometry datapoints are available for each target. Table 2 contains the observing log for the four nights.
OBSERVATIONS

DATA REDUCTION
Photometry
Standard image reduction, including bias and flat field correction, were done using IRAF routines in the ccdred package. We used twilight skyflats taken in the first night of the observing run for flatfielding. Aperture photometry on the aquisition images was carried out with the daophot package within IRAF. We measured magnitudes for the target and between 10 and 20 isolated, non-saturated, but well exposed comparison stars. The aperture was defined as 2-3 times the FWHM of the point spread function. The sky was measured in an annulus with a radius of 15 and a width 7 pix.
For each field we carried out differential photometry to correct for changes in atmospheric transmission and systematics that affect all stars in the field in the same way. First, we averaged the lightcurves of all comparison stars, to create a preliminary 'master lightcurve'. This master lightcurve is subtracted from all lightcurves. We examined the root mean square (RMS) of the resulting lightcurves. All seven exhibit significant variations above the floor defined by the comparison stars. In two cases additional variable stars are found (RMS significantly larger than for the remaining objects), they are excluded from the sample of comparison stars. A small number of epochs (not more than one per field) produces outliers in the master lightcurve probably due to changing in atmospheric conditions not recognised during the run; these images were excluded from the analysis. The master lightcurve was re-calculated using the remaining set of comparison stars and images and again subtracted from the raw lightcurves. Figure 2 presents the final differential light curves and RMS plots (RMS vs. average magnitude) for each of our seven objects. In these plots our targets are labelled. The typical photometric er- ror (defined as the floor of the RMS of the comparison stars) is ∼ 1-3%, significantly smaller than the amplitudes in the variable targets. Some of the target lightcurves exhibit a distinctive morphology -V2737 shows a continuous downward trend, V2739 a periodic behaviour, and V2227 multiple short-period eclipses. The remaining lightcurves appear at least partially irregular. Although the sampling frequency of the current data set is less dense than in previous studies, the overall lightcurve morphology and variability time-scales are comparable to the previously published ones for all objects.
We calculate amplitudes for the lightcurves by taking the minmax difference for each star. To ensure no extreme outliers are included in this calculation we check for any 3-σ outliers but find none. Table 3 lists the derived amplitudes and compares them to previously published values (SE04, SE05). The amplitudes in SE04 and SE05 refer to the peak-to-peak values in the binned lightcurves.
Spectroscopy
Standard spectroscopic data reduction was performed with IRAF routines from the onedspec and twodspec packages. Background was fit and subtracted during spectrum extraction. Wavelength calibration is done using a HeAr arclamp. The A-type star HD292956 was used for relative flux calibration. For each epoch, three spectra (see Sect 3) were co-added using a median filter. Figure 3 presents the complete sequences of calibrated spectra for our stars over the four nights of observations. Every spectrum is normalised to the central wavelength of the I-band filter (7680Å). In the final figure ( Fig. 3 ) each spectrum is shifted by a constant for clarity.
SPECTRAL ANALYSIS
Spectral types
We carry out a spectral classification using the pseudo-continuum PC3 index from Martín et al. (1999) . The PC3 integration limits are 8230-8270Å for the numerator and 7540-7580Å for the denominator. The spectral type is then empirically derived to be SpT = −6.685 + 11.715
All targets fall between spectral class M2.5 and M5.5, according to this index. Table 4 summarises the average spectral type and variations derived for each star over all epochs. The variation is taken as the maximum difference between individual spectral type measurements and the average spectral type. The variations are between 0.2 and 0.4 subtypes. Since the uncertainty in the PC3 coef- Table 4 . Spectral measurements for our onjects. Col. 2 and 3: Average value and variation (see Sect. 5.1) for the spectral type of each object. Spectral types derived using the PC3 index (Martín et al. 1999 ficients (Eq. 1) is given as 0.28 by Martín et al. (1999) , none of the objects is showing a significant change in spectral type.
In Figure 4 we provide further comparison between all targets and closest visual matches from spectral templates (templates are identical to ones employed by Mužić et al. (2014) , which they compiled by averaging observed spectra of M dwarfs of similar spectral type, obtained from the dwarf archives 2 ). Two spectra, corresponding to the epochs of the maximum and minimum in the lightcurve, are plotted for each star. The spectral types of the closest matching templates are summarised in Table 4 . The spectral types derived from PC3 and those derived from comparing with templates agree within 1 subtype. We note that neither method is a perfect representation for our targets as our set is composed of very young stars and the templates as well as the stars used to define the PC3 index are evolved field objects. Even so, no measurable spectral type change is seen in either case.
We further make use of eq. 3 in Mužić et al. (2014) to calculate an effective temperature for the stars based on their spectral type. No object shows a temperature change of more than 100K which is less than the expected difference for a change of one spectral subtype (170K). What is more, the uncertainty in the temperature determination from spectral type (140K) is higher than any derived change for our targets. We conclude that there are no significant effective temperature changes in our sample during the 4 night run.
Hα equivalent widths
Hα emission in spectra of young stars can either be caused by magnetic chromospheric activity or by ongoing accretion. While magnetic activity results in narrow, weak Hα emission, accretion causes broad and strong lines. We measure the Hα equivalent widths (EW) in each spectrum using
where F line is the emission line flux and F cont is the continuum flux. The continuum is smoothed using optimal averaging with a Gaussian filter of width 15.0 Å. The line is integrated between 6555 and 6575 Å.The average EWs and the standard deviation over the time series of spectra are listed in Table 4 above 95 Å for V2739 and V2721, in excess of typical levels for chromospheric activity and therefore indicating ongoing accretion (Barrado y Navascués & Martín 2003) . In contrast, the objects near ǫ Ori have EWs of < 15Å, consistent with chromospheric emission. The error in the EW estimation is 1-2 Å. The variation in the EW for the σ Ori stars is in the range of 10-20%, which is strong evidence for a significant variability in these objects, in addition to the I-band photometry (which doesn't cover the Hα wavelength). On the other hand, the change in Hα in the ǫ Ori targets is comparable to the uncertainty in the measurement, suggesting very little or no variability.
We checked for correlations between I-band variability and Hα EW variability for the σ Ori targets. While V2737 may show a hint of a possible correlation, no clear trend can be identified in the sample of only three stars. These plots are included for completeness in Appendix B. The lack of clear correlation would imply that the Hα and continuum variations originate from different areas of the stellar systems. We will also note V2739 is showing CaII triplet emission, a feature associated with accretion. The same feature was clearly detected for V2739 in SE04, as well as V2737 and V2721. However, since our present spectra are low-resolution and only show the CaII triplet for one object, we make no further attempt to quantify this emission.
Spectral variations
We compare the spectra corresponding to maximum and minimum in the lightcurve for each star. The max/min ratio generally varies smoothly with wavelength, with only subtle spectral features. This is again confirming that the spectral shape does not change significantly over the time series (see Sect. 5.1). In almost all cases we find a slope in the ratio suggesting objects become bluer when brighter and conversely redder when dimmer. Two exceptions are V1999 and V1959 where the ratio is near flat. The observed max/min ratio for each star can be found in Figure 5 (models will be discussed later).
To further explore changes in the spectra over time, we construct a trailed spectrogram for each object. We calculate an average spectrum for each star, then subtract the average from each individual spectrum and plot the residuals in Figure 6 . In these spectrograms, the dominant source of variability in the σ Ori target spectra (V2737, V2721, V2739) is in the Hα emission, which has already been discussed in Sect. 5.2. A weaker variation can be seen around the head of the TiO band near 7600Å, in all 7 targets, but particularly in V2739. TiO bands are sensitive to the photospheric temperature of M dwarfs (O'Neal et al. 2004; Senavci et al. 2015) ; variations can possibly indicate changes in the magnetic spot coverage. However, as the TiO band is affected by a telluric absorption feature, we will not consider it as solid evidence for spectral variability. In addition to the line variations, the spectrograms show slight gradients in the residuals. These trends will be further explored in Sect. 6.
DISCUSSION: ORIGIN OF THE VARIABILITY
Summary of observational evidence
The σ Ori stars were originally observed in 2001 (SE04). The Iband lightcurves revealed amplitudes ranging from 0.1 to 1.1 magnitudes. Periodic variations were found on timescales of 0.5-8 days for all but one object, with superimposed irregular components on the scales of hours. V2737 and V2721 were re-visited in a nearinfrared campaign in 2006 (Scholz et al. 2009 ). The stars showed amplitudes of up to 0.9 in the J-band and 0.7 in the K-band. Variability in V2737 was said to be best explained by a hot spot of T e f f = 6000K and filling factor of >=20%. Changes in V2721 were attributed to inner disk inhomogeneity, estimated to reside between 0.01 and 0.04 AU away from the star. The objects near ǫ Ori were first observed in the I-band in 2001. Our targets were identified as highly variable, with quasi-periodic (V1959, V1999 and V2559) or completely irregular signatures (V2227).
In this paper we present for the first time spectroscopic time series for these sources (in the case of the ǫ Ori objects the first spectra altogether). Visual inspection of the lightcurves confirms periodic and aperiodic variations on the order of several days and additional changes on time scales of hours. Thus, the lightcurves in the current study show similar characteristics to the literature datasets. We want to highlight that the shape of the lightcurve of V2559 is remarkably similar to that from the 2001 observations. In contrast to the photometry, we find very little evidence for spectroscopic variability, except for Hα (see Sect. 5). Table 3 summarises the derived amplitudes and compares them to previously published peak-to-peak values in the phased lightcurves (SE04, SE05). Amplitudes in this run are comparable to the ones measured before, confirming that the variability is persistent over timescales of at least 5 years (J-band amplitudes of 0.91 and 0.50 mag for V2737 and V2721 respectively were measured in Scholz et al. (2009) ).
The major physical mechanisms discussed in the literature as causes for high level variability of young stars in the optical are hot/cool spots and variable extinction (Bouvier et al. 1993; Herbst et al. 1994) . Both processes affect the stars by making them appear bluer when brighter and conversely redder when dimmer. This trend coincides with the changes in our observed spectra (see Sect. 5.3) and we therefore explore these possibilities in more de- tail below. In Fig. 5 we show the max-min slope for the best fitting models in comparison with observations.
Scenario 1: hot spots
In this scenario, material from the disk is thought to be channelled onto the star via stellar magnetic field lines. Kinetic energy is converted into heat causing a hot spot to appear at the base of the accretion column on the stellar surface. The spot corotates with the star which should produce periodic brightening. Variations in the accretion rates or flow geometry can then induce irregularities in the observed flux on a variety of time scales, from hours to years. Photometric studies in multiple bands found that variability in accreting young stars can commonly be explained by hot spots with temperatures a few thousand degrees above photosphere and a filling factor of a few percent (Bouvier et al. 1995) . More recently, comparisons between spectra of T Tauri stars and accretion shock models indicate typical filling factors of 1-10%, with some exceptions at 20-40% (Ingleby et al. 2013 ). The lack of observed spectral variability poses a general problem for the hot spot scenario. If we choose a smooth spectrum for the spots (e.g., a blackbody), this naturally introduces significant spectral changes. Therefore we choose a spectrum from model atmosphere for the hot spot. Even then, if we assume temperatures significantly above the stellar T eff , adding a hot spot introduces strong spectral changes again. On the other hand, keeping the temperature close to T eff yields large filling factors.
To explore a hot spot scenario, we combine photospheric spectra from model atmospheres (PHOENIX-ACES-AGSS-COND-2011 3 , version 16.01.00B, Husser et al. (2013) ) of different effective temperatures for the star and the spot. Note that the model spectra do not include the Hα emission. The free parameters are the effective temperature and filling factor for the spot. The amplitude produced by the spot is expressed by:
where F star and F spot are the stellar photosphere and hot spot fluxes respectively, and the filling factor f is the fractional area of the stellar surface covered by spots. We calculate amplitudes for a variety of parameter values: 3000K <= T spot <=12000K and 0.01<= f <=1.0.
For the comparison with the observations, we assume that the lightcurve minimum represents the unspotted photosphere, whereas at maximum we observe the flux from photosphere plus hot spot. In a first step, we select the models with (T spot , f ) pairs that reproduce the observed photometric amplitudes for every target (Table 3) . In 3 http://phoenix.astro.physik.uni-goettingen.de a second step we compare the ratio of the models at minimum and maximum with the observed values (see Sect. 5.3). A first important finding is that spot temperatures exceeding the photospheric temperature by more than ∼ 500 K produce strong spectral features in the max/min ratio. This is inconsistent with the observed max/min ratios, as discussed in Sect. 5.3. Thus, to explain the photometric amplitudes and the lack of spectral changes with this model, spot temperatures have to be relatively close to the effective temperature of the stars.
We find a plausible solution only for two objects in σ Ori -V2721 and V2739. Incidentally, these are also the two objects with the highest EW in Hα, i.e. presumably the highest accretion rate, and their lightcurves appear partly periodic, which fits in this scenario.
For these two objects, our solutions indicate spot temperatures close to the photosphere (300 K above effective temperature), and large filling factors of 0.2-0.4. This is in contrast to measurements done for more massive accreting young stars, which in most cases find spot temperatures of over 1000 K above the photosphere and filling factors of only a few percent (Bouvier et al. 1993 (Bouvier et al. , 1995 Ingleby et al. 2013) . It would imply that accretion in very low mass stars is at least on some cases not strongly funneled by magnetic fields. Even for these two sources, hot spots cannot be the only source of the variations. In the red part of the spectrum (> 7500Å) our simple model is inadequate and does not reproduce the smooth slope.
We note that V2721 was previously examined with J-and Kband two filter lightcurves in Scholz et al. (2009) . In their analysis, the color variability in the near-infrared was found to be consistent with variable extinction. In the current case, variable extinction underpredicts the observed slope change of the spectrum at minimum (see below).
Scenario 2: cool spots
Cool spots result from the interaction between the stellar magnetic fields and gas in the atmosphere. M dwarfs like our targets are known to be magnetically active and therefore exhibit cool spots. As in the hot spot case, the cool spots corotate with the star but unlike the previous scenario the variations are expected to be strictly periodic as cool spots are stable on the time-scale of our observations.
The modelling of the cool spots is identical to the hot spots, except that we now assume that the maximum in the lightcurve corresponds to the unspotted photosphere. For the spot effective temperature we adopt a range from 2300 to 3000 K, in line with typical spot temperature for M dwarfs inferred from Doppler Imaging (Strassmeier 2009 ). Again, the observed photometric amplitude for every star can be reproduced by a number of model parameter com- binations. As in Sect. 6.2, we break the degeneracy by comparing with the observed max/min ratio of the spectral slope.
In order to explain the high photometric amplitudes observed for most of our objects, very high filling factors > 0.5 have to be adopted, which is not physical. For two objects (V2227 and V1959) we find a solution with a plausible filling factor of 0.1-0.2, but these have eclipse-shaped or partly irregular lightcurves, which cannot be explained by cool spots alone. Thus, while cool spots may contribute to the observed variations in some objects, they cannot be the dominant cause.
Scenario 3: variable extinction
When stars are surrounded by circumstellar material, there might be variable exctinction along the line of sight, causing optical and infrared variability (Dullemond et al. 2003; Grinin et al. 2009; Stauffer et al. 2015; McGinnis et al. 2015) . If the material along the line of sight is optically thick, this could also lead to an eclipse of the central object. Variable extinction and eclipses would be associated with inhomogenities in the circumstellar material, which could be caused by a number of physical processes. Depending on the temporal stability of these features, the variability may appear periodic or irregular. Variable extinction causes brightness changes that are smoothly varying with wavelength, in contrast to the spot models explored above and similar to what is seen in our observations.
To investigate the impact of variable extinction on our targets, we use the average R V -dependent extinction law defined by Cardelli et al. (1989) :
where a and b are functions of wavelength (see Cardelli et al. (1989) , eq. 2 and 3). A(V) and R V are free parameters. We vary A(V) from 0.0 to 1.5 and R V from 3.1 to 5.0. We assume here that the lightcurve maximum corresponds to the object seen at zero extinction. Hence, we use a model atmosphere to represent the star at maximum brightness and apply extinction to match the minimum brightness. We then compare with the max/min slope to pick the best fitting combination of A(V) and R V . This approach assumes ISM-like extinction caused by very small grains (< 1 µm). Larger grain sizes, as they are expected to be present in disks, would produce smaller colour variations.
We are able to find parameter values that can reproduce the photometric amplitudes. However, these solutions cause too much spectral variation compared with the observations, i.e. the slope in max/min ratio is too large. The ratio in the observed spectra deviates by ±0 − 10% from 1.0, whereas the simple model requires ±10 − 20% to match the amplitudes. The only object where we find a plausible solution is V2559, with R V = 5.0 and A(V) = 0.95. For the other 6 objects, we can exclude variable extinction by ISM-type grains as dominant cause of variability.
Variability extinction by large dust grains, however, remains an attractive scenario, particularly for the objects in ǫ Ori without accretion and with eclipse-shaped lightcurves (V2227, V1999, V1959). For these three plus V2559 obscuration by circumstellar material might be the only viable explanation, the only scenario that can explain both the shape of the lightcurve and the lack of spectral variability. The obvious problem is that two of these objects do not show mid-infrared excess emission and thus there is no evidence for the presence of a disk. One plausible scenario may be collisions of massive planetesimals that rapidly generate a significant mass of small dust grains as suggested by Meng et al. (2015) . These four objects will be further explored in the future.
In that case, the timescales of the variations give constraints about the location of the material that is responsible for the additional exctinction. The timespan between minimum and maximum in our lightcurves is in the range of 1-4 d, which corresponds to a distance from the star of 0.01-0.05 AU, assuming Keplerian rotation. This is consistent with the expected location of the inner edge of the dust disk (if a disk is in fact present).
Notes on V2737
None of our models produce a satisfactory explanation for this object. In Scholz et al. (2009) the star was found to have a slope which was too small to be consistent with variable extinction. The variability was attributed to hot spots of temperature 6000 K and filling factor of over 20%. Our current results show that variable extinction overpredicts the change in spectral slope, in agreement with the previous study. However, we find that hot spots with a temperature even a few hundred degrees higher than the photosphere pro- duces strong spectral features, which are not seen in the observations. The cold spot model comes closest to reproducing the slope but it also generates features that are too strong and requires a very large filling factor. This object clearly requires more sophisticated modelling which is beyond the scope of this paper.
Summary
We have explored several scenarios in order to explain our observations. We find that the sources of variability are complex; no single source can fully account for the observed photometric and spectroscopic variability implying multiple processes contribute to various degrees. A summary of observed and model I-band amplitudes and max/min spectrum ratio slopes is provided in Table B1 . We find two results that are surprising and in contrast to the literature. 1) In the cases where "hot" spots are a plausible explanation (V2721, V2739) our models rule out the parameter space that is normally found for T Tauri stars (high temperatures, low filling factors). Instead, we find evidence for large filling factors and temperatures only slightly above photosphere. The variable continuum does not show a strong correlation with Hα. This indicates that the continuum and Hα emission possibly originate from different spatial zones.
2) We find that even objects with very little or no measurable excess emission at mid-infrared wavelength (ǫ Ori) show evidence for being surrounded by clouds/clumps of interstellar material causing variable extinction.
CONCLUSIONS
We present a spectro-photometric variability study for seven very low mass stars in clusters in Orion, using four nights of data from the FORS2 instrument at the ESO/VLT in December 2003. Our targets were previously known to be strongly variable. In the following we summarise our main findings.
• Combining our data with literature lightcurves from 2001 and 2006, the photometric variability persist over at least 5 years with no major changes.
• Three of our targets, located in the cluster σ Ori, show strong mid-infrared color excess, strong Hα emission indicative of accretion, and large-amplitude partially periodic lightcurves, comparable to typical behaviour of classical T Tauri stars.
• In contrast, the remaining targets, located near ǫ Ori and presumably slightly older, have weak Hα emission, weak or no midinfrared excess, but still show significant and partially irregular variability.
• While the I-band magnitudes vary by 0.1-0.8 mag in our sample, the spectra remain remarkably constant in all objects. The spectral types remain constant within 0.5 subtypes and the inferred effective temperature within 100 K. The only significant spectral variations are found in Hα (for the accreting objects).
• Four out of 7 objects exhibit a slight gradient (±10%) in the ratio between spectra taken at maximum and minimum flux, in the sense that they become redder when fainter. For the remaining two this ratio is flat.
• We calculate simplified models for three possible variability causes, hot spots, cold spots, and variable extinction. For two accreting objects in σ Ori, the spectral changes are reasonably well explained by hot spots. This scenario would also fit with the strong Hα emission and the shape of the lightcurves. However, we have to assume temperature close to the photosphere (+300 K) and high filling factors (0.2-0.4), which are not the typical hot spot parameters found for more massive stars and from magnetospheric accretion. It might indicate a change in the geometry towards more homogenuous accretion in the very low mass regime.
• The objects in ǫ Ori are best explained by variable extinction caused by large grains. This is also in line with the lack of accretion and with the eclipse-like shape of the lightcurves. The obvious problem with this explanation is the lack of infrared excess in two of these sources out to 10 µm.
This study demonstrates that spectral information is essential for interpreting the variability in young stellar objects. The combination of spectra and time-domain information is a useful tool to explore the immediate environment of young stellar objects down to substellar masses. 
